Introduction
Previously in [1] , the quantum-chemical calculations by DFT method of the some M II (5656)macrotetracyclic metalchelates with 1,8-dioxa-3,6,10,13-tetraazacyclotetradecanetetrathione-4,5,11,12 where M = Mn, Fe, Co, Ni, Cu, Zn, that were formed in template reaction (1) , were carried out.
When formaldehyde in the reaction (1) is replaced with (formaldehyde + ammonia) composition, template reaction (2) with forming of M II metalchelates with 1,3,6,8,10,13-hexaazacyclotetradecanetetrathione-4,5,11,12 will takes place:
And, when formaldehyde in the reaction (1) is replaced with propandiol-1,3 H 2 C(OH)-CH 2 -CH 2 (OH), template reaction (3) with forming of M II metalchelates with 1,4,8,11-tetraazacyclotetradecanetetrathione-2,3,9,10 will occur:
Each of macrocyclic ligands indicated above (the socalled chelant), contains a 14-membered macrocycle, two 5-membered and two 6-membered metal chelate cycles, and is coordinated to M II through four nitrogen atoms. In this connection, these (NNNN)donoratomic macrocyclic ligands may be considered as peculiar "predecessors" of such important ligands as porphyrins and phthalocyanines that, as known, play very significant role in live nature and human activities. On the other hand, according to the data, [2, 3] formation of such coordination compounds with these chelants is quite real in specific template processes proceeding in gelatin-immobilized matrix systems. Besides, in the first of these chelates, two O and four N heteroatoms, in the second ones, six N heteroatoms and in the third ones, only four N heteroatoms are in 14-membered "ring". Taking into account what has been said, it is rather interesting to get and analyze the objective data on structural and geometric parameters of these metal chelates using quantum-chemical calculation by DFT method. This calculation and comparison of its results for M II metalheterocyclic compounds with 1,4,8,11-tetraazacyclotetradecanetetrathione-2,3,9,10 (L1), 1,3,6,8,10,13-hexaazacyclotetradecanetetrathione-4,5,11,12 (L2) and 1,8-dioxa-3,6,10,13-tetraazacyclotetradecanetetrathione-4,5,11,12 (L3) will be just the subject of the given article.
Method
In order to carry out quantum-chemical calculations, the DFT OPBE/TZVP was applied. It combined the standard extended TZVP split-valence basis sets, described in papers [4, 5] and nonhybrid OPBE functional described in [6, 7] . The choice of namely this quantum-chemical calculation method was connected with that according to the publications, [7] [8] [9] [10] [11] in the case of 3d-element complexes, it gives more accurate ratio of the high-spin state energy stability to the low-spin one as compared to the most popular B3LYP method which was used in the our previous article. [1] At the same time, DFT method accurately characterizes the basic geometric parameters of the molecular structures of the indicated compounds. The calculations were performed using the Gaussian09 program. [12] As in previous articles, [1, 13, 14] the correspondence of the obtained stationary points to the energy minima in all cases was proved by the calculation of the second energy derivatives in coordinates of atoms. Thus, all the equilibrium structures, corresponding to the minimum points on the potential energy surfaces, only had real values of frequencies. Calculation of molecular structure parameters in the multiplicity other than 1, has always held an unrestricted method (UHF); when multiplicity 1 -a restricted method (RHF were calculated according to method described in [15] .
Results and Discussion
Chelates with 1,4,8,11-tetraazacyclotetradecanetetrathione-2,3,9,10 , L1. According to our calculations, the ground state of the MnL1 chelate with this macrocyclic ligand is a spin sextet and it is high-spin complex. For the FeL1 chelate, a ground state is spin triplet and it occupies an intermediate position between the low-spin and high-spin complexes. The ground states for the CoL1 and NiL1 chelates are a spin doublet and a spin singlet, respectively, so both of them are low-spin. As for the CuL1 and ZnL1 chelates, spin doublet and singlet, respectively, are their ground states in full agreement with theoretical expectations. Besides, the energy difference of structures with spin multiplicity (which is different from the ground state multiplicity) [quartet in the MnL1, quintet in the FeL1, quartet in the CoL1, triplet in the NiL1, quartet in the CuL1 and triplet in the ZnL1] Molecular Structures of (5656) Macroheterocyclic Chelates is 20.2, 24.2, 51.4, 68.8, 71.9 and 62.3 kJ/mol respectively. As may be seen from these data, in the most cases, there is a very negligible (more than 25 kJ/mol) energy difference between the ground and the nearest different from it in spin multiplicity excited states; it is only less than this value in the case of the MnL1 and FeL1 chelates.
It should be noted at once that, contrary to theoretical expectations, all chelates indicated with 1,4,8,11-tetraazacyclotetradecanetetrathione-2,3,9,10 under examination are non-coplanar; moreover, the degree of their deviation from co-planarity is too big. It is noteworthy that MN 4 chelate nodes as well as all 5-numbered and 6-numbered chelate rings are non-coplanar, too. In this connection, for all these coordination compounds, rather high values of the electric dipole moment (m) can be expected. (Table 1) . It is curious in this respect that the non-bond angles sum, N1N2N3, N2N3N4, N3N4N1, and N4N1N2 (NBAS) in all of the complexes is exactly 360.0°; hence, the group consisting of four donor nitrogen atoms is strictly planar. In five out of the six complexes, these angles are equal in pairs, namely, (N1N2N3) and (N4N1N2), (N2N3N4) and (N3N4N1), while in the Cu II chelate, all of these angles (90°) are exactly equal ( Table 1) .
As can be seen from Table 1 , the M-N bond lengths in the metal chelates with 1,4,8,11-tetraazacyclotetradecanetetrathione-2,3,9,10 do not coincide with one another; the shortest M-N lengths are noted for the Ni II chelate, while the longest ones are in the Mn II chelate. In the Mn-Zn series, these bond lengths decrease on going from Mn to Ni and increase on going from Ni to Zn. It is noteworthy that the M1-N3 and M1-N4 bond lengths decrease in this series on going from Mn to Fe, from Co to Ni, and from Cu to Zn, while on going from Fe to Co and from Ni to Cu they decrease. In each of the considered metal chelates, the M-N bond lengths are equal in pairs, namely, M1N1 and M1N2, and M1N3 and M1N4. A similar situation is observed for C-N, C-C, and C=S bond lengths, in particular, for N1C5 and C6N2, C8C9 and C9C7, and C1S4 and C4S3. The degree of deviation from planarity of each 5-membered metal chelate ring is rather large: the bond angle sums, BAS 51 and BAS 52 , are equal to each other and differ from the sum of the interior angles of a planar pentagon (540°) by at least 9.7°. Nevertheless, the valence angles in 5-membered cycles of these chelates coincide. The distortion of the 6-membered rings is much more pronounced [the bond angle sums BAS
61
and BAS 62 in these rings differ from the sum of the interior angles of a planar hexagon (720°) by at least 30°]. Unlike the 5-membered rings, the 6-membered rings in the same chelate are not identical (Table 1) . Note in this connection that all these parameters depend little on the nature of the M II metal ion.
The values of the key thermodynamic parameters of the M II chelates with 1,4,8,11-tetraazacyclotetradecanetetrathione-2,3,9,10 under examination (namely, enthalpy, entropy and Gibbs energy of formation in gas phase) are presented in Table 2 . As can be seen from it, all these parameters for each of the given chelates are positive; moreover, they are very significant in absolute.
Chelates with 1,3,6,8,10,13-hexaazacyclotetradecanetetrathione-4,5,11,12 , L2. As in the case of ML1 chelates with 1,4,8,11-tetraazacyclotetradecanetetrathione-2,3,9,10, the ground state of the MnL2 chelate with ligand under consideration is a spin sextet and it is high-spin complex. For the FeL2 chelate, a ground state is spin triplet and it occupies an intermediate position between the low-spin and high-spin complexes, too. The ground states for the CoL2 and NiL2 chelates are a spin doublet and a spin singlet, Table 3 . Molecular structures of some of them are shown in Figure 2 . In complete correspondence with theoretical expectations, the group of the four nitrogen In each of these chelates, the lengths of two of the four M-N bond are the same; as for the distances between neighboring nitrogen atoms in chelate rings and the (NMN) bond angles, two of them are the same, while the other two are different (Table 3 ). Two additional 6-membered chelate rings formed upon the template cross-link and containing an N-C-N-C-N group do not lie in the same plane with the (NNNN) plane of the donor atoms even in the case of CoL2 and NiL2 chelates with a structure relatively close to planar. The deviation for each ring in each complex is different. The bond angle sums in these six-numbered cycles BAS 61 and BAS 62 differ significantly from the sum of the interior angles in a planar hexagon (720°). These sums depend only slightly on the nature of the 3d metal M, but differ rather strongly in the same chelate (626.7° and 667.1° for MnL2, 627.9° and 678.0° for FeL2, 632.7° and 677.6° for CoL2, 632.2° and 678.4° for NiL2, 627.3° and 675.7° for CuL2, and 624.0° and 672.1° for ZnL2 chelate, respectively). Both 5-membered rings in the ML2 metal chelates under consideration are also nonplanar [the BAS 51 and BAS 52 in them are smaller than the sum of the interior angles of a planar pentagon (540°)] and are identical each other. However, as distinct from the 6-membered rings, the 5-membered rings are almost identical (Table 3 ). All angles in these rings are different. It is interesting that in all these chelates, the N5 and N6 atoms, not bonded to the M atoms, are located on different sides of the plane formed by the N1, N2, N3, and N4 donor atoms.
The values of the key thermodynamic parameters of the examined metal complexes with 1,3,6,8,10,13-hexaazacyclotetradecanetetrathione-4,5,11,12 (standard enthalpy, entropy and Gibbs energy of formation) are shown in Table 4 . As can be seen, all of them are positive, as similar parameters of ML1 chelates with 1,4,8,11-tetraazacyclotetradecanetetrathione-2,3,9,10, and all they are very significant in absolute, too. Chelates with 1,8-dioxa-3,6,10,13-tetraazacyclotetradecane-tetrathione-4,5,11,12 , L3. For all ML3 chelates with this ligand, the same spin multiplicities of ground state that for similar M II complexes considered above, take place. The energy difference of structures with spin multiplicity different from the ground state multiplicity [quartet in the MnL3, quintet in the FeL3, quartet in the CoL3, triplet in the NiL3, quartet in the CuL3 and triplet in the ZnL3] is 25.3, 67.6, 60.7, 70.3, 68.7 and 57.8 kJ/mol, respectively. Besides, in the all ML3 chelates with 1,8-dioxa-3,6,10,13-tetraazacyclotetra-decanetetrathione-4,5,11,12 energy difference between the ground and the nearest different from it in spin multiplicity excited states a very negligible (more than 25 kJ/mol).
All ML3 chelates of the given type as well as all chelates ML1 and ML2 are non-coplanar; in addition, the degree of deviation from co-planarity of ML3 is slightly lesser than one of chelates ML2 but more than one of chelates ML1. MN 4 chelate nodes as well as all 5-numbered and 6-numbered chelate rings in ML3 are non-coplanar, too. Molecular structures of some of them are shown in Molecular Structures of (5656) Table 5 . As good is evident from the data presented in it, the structural features of ML3 chelates and the patterns of their change depending on the nature of M II is largely similar to the corresponding parameters for the chelates ML1 and ML2. In this connection, there is probably no need to dwell on this in more detail in the given article. It should be noted only in this connection that in the all ML3 chelates considered here, both 5-membered metalchelate rings are absolutely identically to each other whereas 6-membered rings very strongly differ among themselves. The values of the key thermodynamic parameters of the examined metalheterocyclic compounds with 1,8-dioxa-3,6,10,13-tetraazacyclotetradecanetetrathione-4,5,11,12 (standard enthalpy, entropy and Gibbs energy of formation) are shown in Table 6 . As can be seen, all of them are positive, as similar parameters of complexes ML1, and almost all they for the MnL3 complex (46.6 kJ/mol). The macroheterocyclic compounds considered here, differ on chemical composition from each other only in that, in the complexes of type ML1 in both 6-membered metal chelate rings, methylene groups (-CH 2 -) are, whereas in the complexes of type ML2, imino groups (-NH-) and in the complexes of type ML3, oxide (-O-) groups are. In this connection, it is interesting to take notice how structural parameters of these complexes will change with substitution of carbon atom to heteroatoms N and O, respectively. The final part of the given paper will be devoted to consideration of this question, namely. As can be seen from comparison of the data presented in the Tables 1, 3 Tables 1, 3 and 5). It should be noticed in this connection that C-E-C bond angles values (where E is C in the ML1 chelates, N in the ML2 chelates, and O in the ML3 chelates) in the both 6-numbered metal chelate rings at the transition from complexes ML1 to ML3 chelates pass through a maximum. . This circumstance may be connected with two factors. On the one hand, C atom radius is more than one of N and O atoms. On the other hand, with that, in the series of complexes ML1 -ML2 -ML3, decrease of numbers H atoms connected by chemi- Molecular Structures of (5656) Macroheterocyclic Chelates cal bonds with above-mentioned atoms in their 6-membered rings [from two in the complex ML1 (-CH 2 -) to zero in the complex ML3 (-O-) 4 chelate node is pronounced in the most degree in the complexes of type ML3, non-coplanarity of 5-membered rings -in the complexes ML1 and non-coplanarity of 6-numbered rings -in the complexes ML2.
As to of standard thermodynamic parameters of formation of metal complexes ML1, ML2 and ML3, how it easy see when comparing the data in Tables 2, 4 for each of complexes under examination are positive, and it means that, under "traditional" complexing conditions (i.e., in solution or in solid phase), processes of their formation (1-3), likely to be thermodynamically forbidden. However, in the specific conditions that takes place during complexing in biopolymer-immobilized matrices, these reactions, in principle, would be able to be realized. [3, 16] 
Conclusion
As can be seen, all 3d-elements M II chelates with (5656) macroheterocyclic ligands -1,4,8,11-tetraazacyclotetradecanetetrathione-2,3,9,10, 1,3,6,8,10,13-hexaazacyclotetradecanetetrathione-4,5,11,12 and 1,8-dioxa-3,6,10,13-tetraazacyclotetradecanetetrathione-4,5,11,12 that were considered in this paper, are on the whole non-coplanar. Besides, such a non-coplanarity takes place for almost all structural fragments of these compounds -for chelate nodes MN 4 as well as and for each of the 5-and 6-membered chelate rings; the only exception is the grouping of four nitrogen atoms coordinated to M II ion. For all these chelates, positive and extremely high values of standard enthalpies (DH 0 f, 298
) and standard Gibbs' energies of formation (DG 0 f, 298 ) are typical.
